The breakthrough of chemiluminescence in the field of solution immunoassays and transfer membranes prompted us to explore whether a light-based detection system could provide a gain in sensitivity over chromogenic and FITC markers for nucleic acid and protein detection on histological preparations. A Hamamatsu device and an enhanced chemiluminescence (ECL) luminol substrate of the peroxidase were used to detect epithelial and endothelial components by immunohistochemistry (MC) and for in situ hybridization (ISH) of papilloma virus DNA. The accuracy of the signal was compared to that obtained with DAB-peroxidase, silver-enhanced DAB-peroxidase, NBT-BCJP-allraline phosphatase, and FITC. Our results demonstrated the feasibility and high sensitivity of luminescence detection for histological preparations. In part due to the ultrasensitive videocamera
Introduction
For detection of low-concentration cell and tissue components (e.g., viral DNAs, rare "As, proteins) biological studies are presently confronted with the insufficient sensitivity of non-isotopic markers used in immunohistochemistry and in situ hybridization. Chemiluminescence, a term coined in 1888 by Eilhard Widemann to designate the totality of the organic or inorganic chemical reactions that produce a luminous emission, may offer an altemative to chromogenic markers, whose amplification possibilities seem to have reached their limit, and to the highly sensitive but inconvenient radioisotopes (3). In biology, luminescent tracers have already gained large application in liquid-phase assays (4). blotting (2,6, 14) , and reporter gene technology (16) , proving their high sensitivity, innocuousness, and low cost. However, application of luminescence techniques in biology and diagnostic pathology is hampered by Correspondence tO: Philippe Lorimier, Laboratoire de Pathologie Cellulaire, Hopital A. Michallon, CHRUG, BP 217, 38043 Grenoble Cedex, France. and photon-counting imaging, interpretable and reproducible results were obtained within counting times shorter than 5 min, and with dilutions of the primary antibodies 100to 10,000-fold greater than those used for chromogenic and F i x reactions. As for ISH, with identical concentrations of the HPV 18 DNA probe on HeLa cells, labeling was apparent by luminescence but undetectable with the chromogen. The morphological resolution allowed a disctimina tory analpractical problems: efficiency of the photon-collecting system (microscope and CCD camera); brevity and low intensity of the luminescent signal; and the need for a hypersensitive detection system coupled with morphological resolution necessary for a discriminatory analysis of the signal. Until now, only a single attempt to overcome these difficulties has been published by Hawkins and Cumming ( 5 ) , but the detection device used by these authors gave a signal devoid of information about the structural organization of tissue and cell components, consequently inadequate for morphological studies. We have approached these problems, using tissues and probes that have been well characterized for some time, in immunohistochemistry (IHC) on the human thyroid, as well as in situ hybridization on uterine cervix biopsy specimens and two cell lines of cervical carcinomas, CaSki (400-600 copies HPV16) and HeLa (10-50 copies HPV18) (1,10,15).
The first part of the study estab!:c;led the conditions for optimal morphological resolution, therest. allowing evaluation of the signal specificity. The sensitivity of the enhanced chemiluminescence (ECL) technique created by Thorpe and Kricka (17) was then compared with that of colorimetric detection (DAB, silver-intensified DAB, NBT-BCIP) and that of a fluorescence-based signal (FITC).
Materials and Methods

Instrumentation and Luminescent Signal Detection
The luminescent signal was picked up by a photon-collecting system situated in a light-tight enclosure. This equipment consisted of a Olympus BH2 microscope provided with immersion objectives and a photon intensifier connected to a CCD camera (ICCD 2400-47, Hamamatsu) possessing a sensitivity spectrum adapted to the light emitted by the luminescence reaction (Amu: 430 nm). They were enclosed in a collapsible dark box to avoid contamination of the signal by external light. The chemiluminescent signal was visualized on a color video monitor (Sony). An ARGUS 10 (Hamamatsu) image processor allowed processing and analysis of the signal. Tissue structures and cells were first located in transmitted light on the screen and in some cases counterstained with 10% toluidine blue (10 sec) to assist in the morphological identification. Integration of the luminescent signal was obtained with a photon-counting functicn (18, 20) . Photon accumulation, lasting from 1 sec to several hours, ensured the formation of an image on the video screen. Negative controls produced discrete luminous signals of homogeneous density on the video monitor, providing the background threshold level obtained in a pixel-by-pixel procedure. The background subtraction followed image acquisition. The images shown in the figures were obtained by photographing the screen.
Immunohistochemistry
Tissues used were Bouin-Hollande-fixed, paraffin-processed normal human thyroid. Serial sections 4 pm thick were dewaxed and rehydrated. Endogenous peroxidases were inhibited by 0.3% H202 in 0.1 M PBS, pH 7.4, for 10 min, followed by washing in the same buffer three times for 3 min. Nonspecific linkage was blocked in 20% normal goat serum in 0.1 M PBS, pH 7.4, for 30 min before each antibody incubation. The mouse monoclonal antibodies (MAb) against keratin 56 KD (KL1, dilution 1:200-1:2.000,000) (Immunotech; Marseille, France) and HY endothelial antigen (BNH9, dilution 1:40-1:40,000) (Immunotech) were applied to sections for 18 hr at 4'C. They were rinsed with PBS, pH 8.6, before the following steps. We deliberately limited the detection systems to a secondary antibody coupled to peroxidase, alkaline phosphatase, or F I X to permit a rigorous comparison of the sensitivity provided by each type of marker.
Luminescence and Chromogen-Peroxidase Reactions. The tissue sections were incubated with a 1:300 diluted peroxidase-conjugated goat antimouse Ig (Jackson; Avondale, PA) for 1 hr at room temperature (RT). After washing in Tris-HC1 buffer, pH 7.6 (DAB) or PBS, pH 8.6 (luminol), serial sections were ready for chromogenic or luminescence detection. The chromogenic substrate of peroxidase was a solution of 0.05% 3.3'-diaminobenzidine tetrahydrochloride (DAB)-O.O5% H202-10 mM imidazole in 0.05 M Tris-HC1, pH 7.6. The chemiluminescent substrate ofperoxidase was a freshly prepared solution (vlv) of ECL reagents (Amersham; Poole, UK). The signal was collected as soon as the reagent had been added to the slide. DAB-sil- Pairs of close tissue sections were prepared, one slide being treated with E a reagent and the second colorimetrically stained with DAB or NBT4CIp. For fluorescence detection, an FIX-conjugated rabbit anti-mouse immu-noglobulin purified Ig fraction was used as second step (1:lOO) (Dakopatts; Glostrup, Denmark).
ControIs. In both immunohistochemical techniques, two series of control sections were prepared, first, by omitting the primary antibody and second, by incubation with an irrelevant primary mouse MAb of identical immunoglobulin isotype and concentration. Both controls yielded negative results.
In Situ Hybridization
Archival, formalin-fined, paraffin-embedded cervical specimens were selected on the basis of human papilloma virus (HPV 16/18) infection. Serial sections of 6 pm were placed on 3-aminopropyltriethoxysilane (APES)-treated slides and dried overnight at 56°C. After dewaxing and rehydration, the tissue sections were ready for the hybridization step.
Two cervical cell lines (American Tissue Type Collection; Rockville, MD) with a known content of HPV copies were also used: CaSki cells (400-600 copies HPV 16) and HeLa cells (10-50 copies HPV 18). These cells were grown to confluence in Dulbecco's modified Eagle's medium with 10% fetal calf serum. Detachment was achieved mechanically. After two washes the cells were re-suspended in fresh culture medium before cytocentrifugation. Air-dried smears were fixed in cold acetone at -20'C. The cytological preparation could be stored for several weeks at -2o'C.
Hybridization was performed in sequential steps. Tissue sections were digested in a freshly prepared solution of 0.25 mg/ml proteinase K (Sigma;
St Louis, MO) in 0.1 M PBS, 10 mM EDTA, pH 7.4, for 15 min at 37°C.
The smears or sections were overlaid with 20 pl of hybridization mix containing the HPV 16/18 biotinylated EDNA probe (Enzo Diagnostics, New York, Ny, probe concentration unknown) and coverslipped. Simultaneous denaturation was carried out at 96°C for 10 min. The slides were incubated at 42'C for 18 hr of hybridization in a moist chamber. After hybridization the coverslips were removed and the slides were washed in 40% formamide, 2 x SSC (saline sodium citrate) for 15 min at 42'C, followed by three rinses in SSC solution of increasing stringency (2 x SSC, 1 x Ssc, 0.5 x SSC) for 5 min each. Before immunocytochemical detection of the probe, the smears and tissue sections were rinsed in PBS for 5 min. The slides were then incubated with a streptavidin-biotin-peroxidase complex (Dakq Santa Barbara, CA) at 1:150 in 1% BSA in PBS for 30 min at RT. After two washes in PBS, the colorimetric or chemiluminescence detection was performed on serial tissue sections and smears as previously described. An HPV 6/11 biotinylated cDNA probe (Enzo Diagnostics) was used as negative control.
Results
With, or in some cases without, prior staining the location on the screen of the morphological or cell structures viewed with the x 20 and x 40 objectives was precise (Figures 1 and 2) . Dyes of the thyazine type (methylene and toluidine blue) did not appear to impair the luminescence signal. In our instrumental configuration, the ECL signal intensity was imaged by isocolor curves. Under these conditions the cell structures that presented the highest reactivity were those that showed the highest number of isocolor curves (Figures 2B and 7A-7C ).
Chromogenic and Luminescence Antigen Detection
On the screen, the discriminatory analysis between two structures in close vicinity (vesicular epithelium and perivesicular capillaries) visualized by HY endothelial antigen staining was carried out without difficulty using ECL and chromogenic labelings ( Figures 1B   and IC) . The specifically labeled structures were identifiable even before compensation for the background; however, the definition of the image was improved by using the background processing function. Control slides treated with the luminescent reagent gave a uniform background devoid of any specific signal ( Figure ID) . The background resulted from the read-out noise and dark noise of the ICCD detector augmented by nonspecific binding of the probe and of its detection system.
The intermediate filament labeling of thyroid epithelium vesicles was equivalent, in intensity and definition, for the two chromogenic (Figures 3A, 4A , and SA) and the two luminescence systems ( Figures 6A and 7A) , with an ECL integration time of 30 sec, with dilutions ofthe anti-keratin antibody ranging between k200 and 1:lOOO. For a 1:2000 dilution of the primary antibody, the DAB and fluorescence signals weakened. The 1:20,000 dilution of the primary antibody discriminated between the chromogenic reagents, the peroxidase-silver-enhanced DAB and the alkaline phospha-tase-NBT-BCIP systems appearing to be more sensitive ( Figures  4B and 5B) . At higher antibody dilutions the chromogenic labelings was negative (Figures 4C and 5C ), whereas the images of the luminescent structures remained unchanged up to a dilution of 1:2,000,000 for the primary antibody. This was achieved by progressively extending the duration of integration of the signal from 30 sec to 30 min (Figure 7; Tible 1) .
Chromogenic and Luminescence Viral D N A Detection
In transmitted light on cervical biopsy sections, the cellular organization of the squamous epithelium was easily recognized, the nuclei and cytoplasm of the koilocytes being distinguishable. (Figure 2A) . In luminescence, for a photon accumulation time of 1 min, the viral genome was identified in the superficial layers of the epithelium where it was localized to the nucleus ( Figure 2B ). The colorimetric reaction performed on a close section confirmed the intranuclear location of the HPV. 
After hybridization of the CaSki cells with the HPV 16/18 probe and chemiluminescence detection with a 1-min integration, an intense positive reaction ( Figure 8B ) could be observed in the nuclei of the cells previously located in transmitted light ( Figure 8A ). The colorimetric control reaction confirmed this localization, although the DAB labeling precipitates presented a dotted pattern ( Figure   8C ). Altematively, in the HeLa cells, which contain 10-4O-fold fewer copies of the viral genome, the peroxidase-DAB complex was unable to provide sensitive detection of the virus (Figure 9C ). Under the same technical conditions, the chemiluminescence reaction ensured identification of HPV 18 (Figure 9B ).
Discussion
The first question that we addressed in this study was whether chemiluminescence procedures, already proven to be extremely sensitive and reliable in liquid-phase and blot assays, would be equally advantageous for detection of nucleic acids or protein antigens in histological preparations. The results presented here provide a positive response. We deliberately chose well-characterized tissues and probes for the IHC and ISH experiments, our focus being on evaluation of the different detection systems. ECL was superior to widely used tracers known for their sensitivity (FIX, silver-enhanced DAB, NBT-BCIP), while showing an acceptable histological definition, which can probably be improved. Certainly, the gain in sensitivity provided by the coupled photon intensifier-CCD camera is associated with a loss of morphological resolution inherent to the image analysis and restoration system. However, in our working configuration the recognition of tissue and cell structures reached a level that guarantees discriminatory analysis of the specific signal and the background, and this represents the main advance in this study as compared with that of Hawkins and Cumming ( 5 ) . The use of staining compatible with the luminous emission contributed to the increased definition of the section observed on the screen in transmitted light. The fact remains that one of the difficulties in chemiluminescence studies derives from the sequential analysis of the tissue structure and the signal: the image of the section in transmitted light and that of the signal are obtained on the screen in turn; the use of an image superposition function will probably overcome this handicap. The problem generated by the mobility of the luminescent product of the enzymatic reaction within the liquid film over the section was more difficult to control. Indeed, preservation of the signal topography requires that the diffusion of the product and the path of the photons be as limited as possible. In this respect, a flash-type chemiluminescence (peroxidase-ECL) with rapid kinetics and limited half-time of the enzymatic reaction product proved to be more adapted than glow light-type reaction (alkaline phosphatase-dioxetane) (7); the use of immersion objectives reduced the pathlength and the diffusion of photons. Better image processing is also likely to improve the quality of the image of the chemiluminescence signal. In our instrumental configuration the pseudocolor scale is predetermined; for this reason the signal intensity was imaged by isocolor curves. The cell structures that presented the highest reactivity were those that showed the highest number of isocolor curves. This type of representation rendered reading of the images difficult. However, the possibility that the pseudocolor scale may be defined by the operator could overcome this problem.
The sensitivity of ECL as compared with the most frequent detection systems in use, which was our second question, was explored by increasing dilution of antibodies in IHC and its equivalent in ISH, the labeling of cell cultures containing a decreasing number of viral DNA copies. To standardize the comparison conditions for the different markers in IHC, a two-layer system in which the secondary antibody was enzymeor FITC-coupled was chosen.
The general truism that light emission is easier to detect than light absorption (chromogenic markers) appeared to be erroneous in this study, in which the FITC signal was overcome by the silverintensified DAB. However, taking into consideration the fact that fluorochromes have a quantum yield superior to that of luminol, it will be interesting to investigate the sensitivity of a fluorochrome such as amino-methyl-coumarin-acetic acid (AMCA) fitted with the spectral response characteristics of the ICCD camera. Fluorescence and chemiluminescence systems also diverge on another point: whereas fluorescence markers fade when excited by w light, chemiluminescence lasts as long as the catalytic site of the enzyme works and substrate is provided. This introduces a certain flexibility into the observation process: slides can be examined, stored, and then reexamined for a period of up to 4 days in our experience. Moreover, it can be hoped that conditions will be found that can increase the half-life of the enzyme.
The possibility of accumulating low-intensity luminescence signals over intervals of up to several hours was only partially explored. Extension of the signal integration from 1 to 30 min allowed the recovery of immunolabeling of analogous morphology and intensity for a dilution 10,000 times superior to that usually applied to the same antibody. Moreover, the signal-vs-background ratio improves with a lengthened integration time (19) .
For in situ hybridization also, the sensitivity of the chemiluminescence detection surpassed that of colored tracers; a DNA concentration 10 to 40 times lower was detected by ECL as compared with the point at which the chromogenic reaction had become negative. In our methodological system, based on increasing dilution of targets, sensitivity can be further investigated in SiHa cells containing only one to five viral DNA copies (lJ0.15). ECL detection has yet to be compared with radioactive tracers in terms of resolution and sensitivity. In the interim, ECL offers an attractive and safe alternative for detection of rare DNAs and "As.
Finally, quantification of the ECL signal may be possible by counting the photons, provided that standardization of the method and linearity analyses by means of a dilution range of target molecules spotted on nitrocellulose membrane is developed (12,13) .
For immunoassays and blots, ECL appreciably diminishes the threshold of sensitivity for immunohistochemistry and in situ hybridization as compared to chromogens and FIX. ECL detection and quantification of low-concentration tissue and cell components becomes a credible option and offers promising prospects in both fundamental biology and human pathology.
